A recently developed water soluble self-doped sodium salt of bis [3,4-ethylenedioxythiophene]3thiophene butyric acid (ETE-S) has been electropolymerized and characterized by means of spectroelectrochemistry, electron paramagnetic resonance spectroscopy, and cyclic voltammetry, combined with the density functional theory (DFT) and time dependent DFT calculations. The focus of the studies was to underline the nature of the charge carriers when the electrochemically polymerized ETE-S films undergo a reversible transition from reduced to electrically conductive oxidized states. Spectroelectrochemistry shows clear distinctions between absorption features from reduced and charged species. In the reduced state the absorption spectrum of ETE-S electropolymerized film shows a peak that is attributed to HOMO!LUMO transition. As the oxidation level increases, this peak 2 diminishes and the absorption of the film is dominated by spinless bipolaronic states with some admixture of polaronic states possessing a magnetic momentum. For fully oxidized samples the bipolaronic states fully dominate, and the features in the absorption spectra are related to the drastic changes of the band structure exhibiting a strong decrease of the band gap when a polymeric film undergoes oxidation.
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Introduction
In recent years, conducting polymers have become the materials of choice for many bioelectronics applications. [1] Recently, the concept of electronic plants (e-Plants) has emerged as an organic bioelectronics technology capable of forming analogue and digital circuits by integrating conducting polymers inside the leaves and xylem vascular tissue of Rosa floribunda. [2] This breakthrough research opens doors for many applications since it demonstrated that the complex internal structure and physiology of plants could be used as a template and integral part of in-vivo manufactured electronic circuits. One of the most important biocompatible conducting polymers is poly(3,4-ethylenedioxythiophene) (PEDOT) due to its superior (bio) stability [3] and high electronic [4] and ionic conductivity. [5] For ePlants, [2] a self-doped p-type PEDOT-derivative, PEDOT-S was used, [6] which self-organized along the vascular tissue of the stem of the plant. In contrast to the PEDOT, PEDOT-S comprises covalently bound ionisable, functional groups (sulfonates) that can act as anions for self-doping. Self-doped polymers are more thermally stable than their "parent" or backbone conducting polymer due to potential crosslinking via the immobilized anions. [7] This selfdoped crosslinked structure is also responsible for enhanced mechanical properties, [8] and has been leveraged, for example, in electronic control of cell detachment without the need of traditional biochemical methods. [9] In the first e-Plants demonstration, electronic functionality could only be achieved in localized regions of the plant. [2] Recently, we demonstrated self-organizing electronic functionality throughout the entire xylem vascular tissue without affecting or terminating the natural physiological processes of the plant. [10] This was achieved by replacing PEDOT-S with the water soluble self-doped oligomer sodium salt of bis [3,4-ethylenedioxythiophene] 3thiophene
butyric acid (ETE-S) (Figure 1 ). ETE-S is effectively distributed and polymerized in the xylem vascular tissue with the plant acting as the template and catalyst for the polymerization reaction. The resulting xylem wires exhibit high conductivity, 10S/cm, and specific capacitance of 20F/g. The ETE-S based xylem wires have been used to manufacture a super capacitor in-vivo demonstrating a first practical application of the E-Plant technology where energy can be stored in a plant. Since ETE-S has shown great utility in templating electronic functionality inside living plants, the need for improvement of device performance and further functionalization of ETE-S motivates us to develop a detailed understanding of the nature of charge carriers and evolution of redox states in this material.
It has been well established for several decades, both theoretically and experimentally, that charge carriers in conducting polymers are quasiparticles such as polarons and bipolarons that are localized along the polymer backbone because of the strong electron-lattice interaction. [11] The polarons represent localized charged states associated with a geometrical distortion of the polymer backbone. Formation of bipolarons takes place when the energy gain due to the rearrangement of the bond length exceeds the Coulomb energy related to the electron repulsion between two charges. Polarons and bipolarons are characterized by different electronic structures which, in turn, leads to distinct absorption and emission spectra.
[12] They can also be distinguished by means of electron paramagnetic resonance spectroscopy because bipolarons are spinless whereas polarons carry a magnetic moment. [13] In addition, with two charges on a chain, the character of geometrical distortion of the backbone is different for the case of a bipolaron and a polaron, which is manifested in distinct characteristics of the Raman spectra. [14] Many studies have been reported addressing the nature of charge carriers in various polymers in the thiophene family using voltammetric, UV/Vis, and spectroelectrochemical techniques [12b, 15] or polaron pairs. [17] In the present study, we report spectroelectrochemical characterization of the self-doped ETE-S conducting polymer combined with its cyclic voltammetry and EPR spectroscopy. The experimental results are analysed using time-dependent DFT (TDDFT), which provides a detailed description of the UV/Vis absorption spectra. Our combined theoretical and experimental study allows us to outline the nature of the redox states (polaron vs bipolaron) and discuss electronic characteristics of ETE-S thin films in both the neutral and oxidized states.
Results and Discussion
In this section we start with theoretical TDDFT calculations of optical absorption of reduced and oxidized ETE-S chains. We then report experimental characterization of ETE-S film by means of UV/Vis spectroelectrochemistry, cyclic voltammetry and electron paramagnetic resonance spectroscopy and analyse the experimental data on the basis of theoretical calculations.
DFT and TDDFT calculations on a reduced and oxidized ETE-S chains.
Range-separated hybrid functionals, such as ωB97XD, [18] can accurately predict electronic structure and optical transitions in conducting polymers. [16c, 16d, 19] The length of ETE-S oligomers after electropolymerization of the ETE-S is not precisely known, so we first investigated the absorption of single-chain oligomers with different chain length n ranging from one to five ETE-S units, 1 ≤ ≤ 5, that is, three to fifteen thiophene units, since ETE-S is a thiophene trimer. The TDDFT computed spectrum and corresponding electronic transitions for fully reduced oligomers with different chain lengths n are shown in Figure 2 .
In the reduced state, each sulfonate group of oligomer is compensated by a sodium counter ion with the total charge of the system consisting of the oligomer and the counterion being zero. When the oligomer chain length increases from n=1 to n=5, the main optical transition is red-shifted from 350 nm to 487 nm. However, as the chain length increases, the main peak of the absorption spectra converges around 490 nm, with negligible difference between n=4 and n=5 (see Figure S1b ). This result implies that four units are sufficient for accurate description of optical properties of long ETE-S polymers, which is consistent with corresponding behaviour reported previously for related oligomers. [16c, 20] Note that the height of the transition peaks is given by the oscillator strength f, which depends linearly on the chain length n, [21] see Figure S1c . Therefore, when normalized to the chain length, the height of the main absorption peaks for different nETE-S would be practically the same for all n. Table S1 ; the main molecular orbitals involved in the ground state to the excited state transitions are visualized in Figure S2 and S7. We also calculated the HOMO-LUMO energy difference ΔE = E LUMO -E HOMO obtained from the DFT calculations, see Figure S1a and Table S2 . It is noteworthy that ΔE is different from the corresponding energy of the optical transition Eopt obtained by TDDFT (c.f. Figure S1a and S1b, and Table S1 and S2) because the former does not take into account electron-hole interaction, which can not be neglected for the system excited by the alternating electric field.
[19b], [21a] As a result, ∆E is typically larger than the corresponding energy Eopt.
With n=4 settled as a viable length for further study, we can begin to address the polaronic or bipolaronic nature of the charge carriers in the oxidized oligomers. On a fully reduced ETE-S oligomer chain we remove one counterion in order to form a polaronic state on the oligomer backbone while maintaining the electroneutrality of the system,
The polaron state is localized at the backbone (See Figure S3 ) and is characterized by two absorption bands at 715 nm and 1258 nm respectively (Figure 3a) . Figure 3b shows electronic transitions, optimized ground state energies, and configuration interaction (CI) contributions to the main transitions for the polaronic state in the oligomer of the length n=4.
The lowest energy absorption polaronic band at 1258 nm is due to transition from β HOMO-1 ! β LUMO and β HOMO ! β LUMO (α and β stand for different spin states). The high energy polaron band at 715 nm consists of two overlapping subbands at 707 nm and 737 nm.
The subband at 737 nm is mostly due to β HOMO-2 ! β LUMO and α HOMO-2 ! α LUMO transitions, while the subband at 707 nm is primarily caused by α HOMO-1 ! α LUMO and α HOMO ! α LUMO transitions. All contributing optical transitions are listed in Table S3 ; the main molecular orbitals involved in the ground state to the excited state transitions are visualized in Figure S3 .
Again considering a fully reduced ETE-S oligomer chain we remove two counterions in order to form a bipolaronic state on the oligomer backbone while maintaining the electroneutrality of the system
In the bipolaron state, removing two Na + counterions leads to the alkyl sulfonate moiety bending toward the oligomer backbone (inset to Figure 3c ). As a result, a negatively charged sulfonate group enhances the localization of a bipolaronic state on the backbone as compared to the polaronic state (note that we remove counterions from neighbouring side chains, see Figure S4 ). The absorption spectra of the bipolaron state shown in Figure 3c exhibits a single band at 802 nm. Figure 3d shows three main contributions to the bipolaronic band at 802 nm including HOMO-1→LUMO, HOMO-3→LUMO, and HOMO-3→LUMO+1 transitions. All the remaining transitions contributing to the bipolaronic band are listed in Table S2 ; Figure S4 visualizes the corresponding molecular orbitals.
It is noteworthy that the bipolaron absorption band as well as both absorption bands for the polaron state are considerably red-shifted compared to the case of reduced ETE-S oligomer.
Indeed, the wavelength of the main transitions for fully reduced oligomer of length n=4 is λ=483 nm, whereas the corresponding wavelengths for the bipolaron band is λ=802nm and for the polaron band, λ=1258nm and 707 nm, see Figure 2a and Table S3 . This makes it possible to distinguish the presence of charge carriers in ETE-S oligomers. It should also be noted that a similar formation of a single absorption band for the bipolaron state and two absorption bands for the polaron state has been reported in previous studies of oligomers of the thiophene family and related polymers. [12a, 12b, 15a, 15b, 15h] So far, we considered the absorption spectra of single chain oligomers. Molecular dynamic calculations show that ETE-S thin films comprise small crystallites composed of π-π stacked oligomers. [10] (Note that a similar stacked behaviour of oligomer chains was demonstrated in molecular dynamics calculations of PEDOT:TOS) [22] . In order to study the effect of polymer chain stacking, we performed DFT and TDDFT calculation on a system consisting of two π-π stacked ETE-S oligomer chains in the reduced and bipolaronic states. Table S4 and Figure S5 and S6). Both subbands in absorption spectra of stacked ETE-S oligomer chain in the bipolaronic state are also blue shifted with respect to the case of a single oligomer (40 nm shift for the high energy subband and 104 nm for the low energy subband). The inter-chain interaction for the bipolaronic state has apparently a stronger effect as compared to the reduced state because the former exhibits a more pronounced blue shift. One would expect that realistic ETE-S thin films would contain both single and stacked chains. All of them would contribute to the absorption spectra, which would result in the broadening of the observed peaks.
UV/Vis Spectroelectrochemistry and Electron paramagnetic resonance spectroscopy
The doping state (or redox state) of conducting polymers can be changed electrochemically.
In this case charge carriers are introduced to the backbone through a metal contact while at the same time ions from an electrolyte enter the film in order to compensate the electronic charge. Spectroelectrochemistry represents a powerful technique for investigating the optical absorption of conducting polymer films while their doping state is changed electrochemically from the fully reduced (dedoped) to the fully oxidized state (doped) . [15l, 23] Spectroelectrochemical data of an electropolymerized ETE-S film for various applied potentials in respect to Ag/AgCl reference electrode are shown in Figure 5 . At large enough negative applied potentials relative to the reference electrode, −1V ≲ ≲ −0.3 V, a single absorption band centred at 550 nm is observed. As the voltage increases toward 0 V, this absorption band disappears, but a new absorption band centred at 800 nm develops. With further voltage increase in the interval 0 V ≲ ≲ +0.7 V, the intensity of the absorption peak at 800 nm decreases, and a broad tail starts to grow in the interval ≳ 1000 nm.
Spectroelecrochemical data are complemented by electron paramagnetic resonance (EPR) spectroscopy measurements that provide information on unpaired spins in the sample.
[17b, 24] Figure 6 shows the EPR spectra of the electropolymerized ETE-S film at different doping states along with the corresponding spin count (i.e., the spin density of the measured spin-1/2 species).
The observed trend in the density of spin-1/2 polarons -an increase until reaching a maximum followed by a decrease -is characteristic for bipolaron formation that pairs the spin-1/2 polarons to the spinless bipolarons. An increasing bipolaron formation is also indicated by the broadening of the EPR linewidth, as a result of increasing polaron interations with increasing polaron concentration, which in turn promotes formation of bipolarons. For the fully oxidized sample (V=+0.7V) with the carrier density of about 33% per monomer, the number of the spin-1/2 charges (polarons) determined from the spin count amounts to ~2% of the total carrier density, leaving ~98% of the charge carriers to be spinless bipolarons. (In the above estimations we used the molecular weight of ETE-S 544 g/mol, the density = 1 g/cm 3 , and the dimensions of the film 1×0.2×10 -5 cm 3 ). Assuming that the charge density varies linearly between the fully oxidized (V=+0.7V) and the fully reduced states (V=-1V), we estimate that for the case of no applied voltage V = 0V the ratio between spin-and spinless charges (i.e., polarons:bipolarons)
is ~10%:90%. The above estimations are consistent with previous studies that report the dominance of spinless charge carriers in PEDOT and related conducting polymers from the thiophene family. [17b, 24b] An estimation of the ratio between polarons and bipolarons becomes more difficult for the case of the reduced samples in the low charge density limit where cyclic voltammetry in the interval −1 V ≲ ≲ −0.7V shows peaks related to redox reactions, presumably due to oxygen reduction. This makes it difficult to distinguish the contributions to the spin count due to polarons and due to possible molecular defects and trap states acting as a catalyst for such reactions. [25] We should note that the g-value of the EPR signal obtained at V = -1 V is noticeably different from that from the other applied voltages, probably indicating that it arises from a different spin-1/2 species (e.g., traps) rather than polarons. This suggestion is supported by the observed broader EPR linewidth at V = -1 V as compared with that at −0.5 V ≲ ≲ −0.2 V, as the former would have the same or even narrower EPR linewidth if it originated from the same polarons but with a lower density.
Discussion: nature of the charge carriers in ETE-S polymeric films
Based on the computed electronic transitions and the EPR measurements we assign the peaks in the UV/Vis spectroelectrochemical data and suggest the nature of the charge carriers in the ETE-S film as follows. The reduced samples in the interval −1 V ≲ ≲ −0.7V show a single pronounced peak at 550 nm, which originates from the HOMO!LUMO transition in the neutral chains with no charge carriers. The absence of the polaronic peak in the spectra strongly suggests that the observed ERP signal is not related to polarons but instead is due to molecular defects or trap states as discussed above.
As the voltage is increased to ≲ −0.3V a single absorption band at 800 nm develops which is attributed to the bipolaronic states. The polarons are practically absent in this regime because the absorption spectrum shows a negligible signal above 1200 nm (note that 1258 nm corresponds to the second polaronic band, see Figure 4a ). The formation of charged carriers in the system in the given voltage range is also apparent from the cyclic voltammetry measurements, which exhibit a significant increase in the current ( Figure S8) . Thus, the formation of the absorption band at 800 nm, along with the decrease of the peak at 550 nm in the oxidation process, indicates doping of the polymer film with bipolaron charge carriers and exchange of Na + counterions from the polymer film to the electrolyte.
With further increase of the applied voltage, the intensity of the bipolaronic peak (800 nm) increases; then it decreases and eventually saturates at ≈ +0.7V. In this voltage range, some polaronic charged states are introduced, as evidenced by the spin signal. The spin count is maximal at ≈ 0V (Figure 6b ), which corresponds to the polaron:bipolaron ratio ~90%:10% as discussed above. The spin count starts to decrease as the applied voltage increases above 0 V, and for the fully oxidized sample bipolarons become fully dominant (polaron:bipolaron ratio ~98%:2%). It is noteworthy that the decrease of the spin count for ≳ 0V is accompanied by the increase of the EPR line broadening (Figure 6b ). The change of the character of the EPR broadening is typically attributed to the change of the character of charge carriers, which is consistent with the present case when the polaron:bipolaron ratio changes from ~10%:90/ at 0 V to ~2%:98% at +0.7 V.
Finally, there is a broad tail in the absorption spectra ( ≳ 1000 nm) that starts to develop for ≳ 0V and becomes dominant in the fully oxidized state. Nominally, this tail matches the wavelength region corresponding to the lowest energy polaronic absorption band (Figure 3a ).
This match is however coincidental as the origin of the tail is not related to the polaronic band.
Indeed, according to the TDDFT calculations the intensity of the absorption in this wavelength region would not exceed the intensity of the highest energy polaronic band, which is apparently not the case. Moreover, the tail becomes the most pronounced for the fully oxidized state of ETE-S film which, according to the EPR signal, exhibits a negligible fraction of polarons. We attribute the origin of the tail to the drastic changes of the band structure and to the strong decrease of the band gap when a polymeric film undergoes oxidation. It has been theoretically demonstrated recently that when the charge carrier concentration increases, the band structure of a realistic polymer thin film exhibits significant transformation, showing a strong decrease of the band gap as compared to the neutral case accompanied by the increase of the density of states in the band gap. [26] The origin of this behavior is related to the effect of randomly located counterions giving rise to mid-gap states.
We thus attribute the observed tail to the HOMO!LUMO transition in the highly oxidized polymeric film, noting that the LUMO states in this case represent the bipolaronic states [26] .
Apparently, the observed tail cannot be reproduced by the DFT calculation for a single chain because for its accurate description, one has to account for the complex morphology of crystallites including the effects of counterions.
Conclusion
The recently synthetized water-soluble self-doped ETE-S oligomer shows great potential as a material for e-Plant (and other bioelectronics) applications as it can polymerize in vivo, without application of external stimuli forming conducting wires and electrodes for energy storage in the xylem vascular tissue of plants. [10] A detailed understanding of the nature of the charge carriers in this material is thus essential for developing device applications and improving material performance. In the present study, we investigate how the nature of charge carriers evolves when electrochemically-polymerized ETE-S films undergo a reversible transition from reduced to electrically conductive oxidized states. This has been done using spectroelecrochemical measurements combined with electron paramagnetic resonance spectrometry, cyclic voltammetry, and supported by DFT and time-dependent DFT calculations.
Spectroelecrochemical measurements was proven to be a powerful technique to investigate absorbance changes of conducting polymer film under electrochemical doping. We show that the absorption spectra of ETE-S films in contact with electrolyte strongly depend on the applied bias, and that changes in absorption spectra are associated with varying doping level in ETE-S film with the applied potential.
The reduced samples show a single pronounced peak at 550 nm, which is related to the HOMO!LUMO transition in the neutral chains with no charge carriers. As the oxidation level is increased a single absorption band at 800 nm develops, which is attributed to spinless bipolaronic states. With further increase of the voltage, some polaronic charged states possessing a magnetic moment are introduced in the system; the spin count is maximal at 0 V, which corresponds to a polaron:bipolaron ratio ~10%:90%. The spin count decreases as the applied voltage increases above 0 V, and for the fully oxidized sample bipolarons become fully dominant (polaron:bipolaron ratio ~2%:98%). At the same time, a broad tail in the absorption spectra starts to develop in the region ≳ 1000 nm, and becomes dominant in the fully oxidized state. We attribute the origin of the tail to the drastic changes of the band structure leading to the strong decrease of the band gap when a polymeric film undergoes oxidation. This significantly deeper understanding of ETE-S will enable future e-Plant and other bioelectronics applications to take advantage of more tunable and optimized devices, paving the way for even deeper integration of organic electronics with biological systems.
Experimental Section
DFT and TDFT calculations: Quantum mechanical calculations were carried out using time dependent density functional calculations, implemented in the GAUSSIAN 09 software package. [27] Range-separated hybrid functional ωB97XD [18] , which includes 22% HartreeFock (HF) exchange at short-range and 100% HF exchange at long range, with additional Grimme's D2 [28] dispersion correction were utilized in the calculation. Initially, ground state geometries were optimized with 3-21g basis set in gas phase. All the conformations obtained at ωB97XD /3-21g level were again fully reoptimized using 6-31g(d) basis set in water solvent. The water solvent effects are taken into account within implicit solvation polarizable continuum model (PCM) [29] as implemented in the GAUSSIAN package. Symmetry constraints were not taken into consideration during geometric optimization. Singlet state calculations were carried out using spin-restricted DFT (RDFT), corresponding to the bipolaron states, and spin-unrestricted DFT (UDFT), corresponding to the polaron states. To get the absorption spectrum, excitation energies were calculated using the time dependent density functional theory method (TDDFT) at ωB97XD/6-31g(d) level within PCM.
Visualization of results was achieved through GaussView 5.0.9 [30] , GaussSum 3.0 [31] and Gabedit [32] .
ETE-S electropolymerization and cyclic voltammetry characterization:
We used a standard three electrode electrochemical set up with a Pt sheet as the counter electrode and saturated Ag/AgCl as the reference electrode. All measurements were performed using a µAutolab potentiostat with Nova 1.6 software.
ETE-S was electropolymerized on ITO-coated glass to form a polymer film. The electrolyte consisted of 1 mg/ml ETE-S in 0.01 M NaCl(aq). The film was deposited by cyclic voltammetry (5 scans, 0.5 --0.5 V, 50 mV/s) followed by applying constant current of 250 µA for 150sec. This resulted in a film of about 80 nm thickness. To record the CV, the film was rinsed in DI water and left to dry. For CV, we used 0.01 M NaCl(aq) purged with N 2 for two hours before the acquisition of the data.
ETE-S spectroelectrochemistry: UV/Vis spectroelectrochemistry was performed in a quartz
cuvette that contained the three electrode setup in 0.01 M NaCl(aq). In this case, the working electrode consisted of the electropolymerized ETE-S film on ITO coated glass. The UV/Vis spectra (300-1250 nm, step 1 nm) were taken using a PerkinElmer Lambda 900 spectrometer while the film was biased at a certain potential.
EPR spectroscopy: EPR measurements were performed on an X-band Bruker Elexsys E500 spectrometer, in the dark and at room temperature. All EPR spectra were obtained with 2 Gs magnetic field modulation at a modulation frequency of 100 kHz. To avoid the strong perturbation of the electrolyte to the EPR cavity, the doping state of the ETE-S film was changed electrochemically outside of the EPR cavity. In this case we used a two electrode setup comprising of the electropolymerized film and a Ag/AgCl counter electrode in 0.01M LiCl4 in acetonitrile. . The EPR measurements were performed within 5 minutes after the electrochemical treatments, which should provide a reliable measure of the spin density as the EPR signal only decreased by 5 % after an hour. The background EPR signal was measured from the reference substrate sample without the ETE-S film, and was subtracted from all EPR spectra. The spin counts were calculated using the Xenon software, taking into account the Qvalues of the EPR cavity for every EPR spectrum. The spin densities were then obtained by normalizing the spin counts by the sample volume.
To take into account a slight difference in the microwave frequencies for different measurement runs and to facilitate a direct comparison between the EPR spectra, Fig.6 
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author. The Table S1 ) in the ground state to the excited state transitions for reduced oligomer with n=4 ETE-S units. Figure S3 . Main molecular orbitals involved (see Table S3 ) in the ground state to the excited state transitions for oligomer in polaron state with n=4 ETE-S units. α and β refer to different spin states. Figure S4 . Main molecular orbitals involved (see Table S3 ) in the ground state to the excited states transitions for oligomer in bipolaron state with n=4 ETE-S units. Figure S5 . Main molecular orbitals involved (see Table S4 ) in the ground state to the excited states transitions for 2 stacked reduced oligomer with n=2 ETE-S units. Figure S6 . Main molecular orbitals involved (see Table S4 ) in the ground state to the excited states transitions for 2 stacked oligomer with n=2 ETE-S units in bipolaron state. [2] J. C. Carlberg, O. Inganäs, JACS 1997, 144, L61-L64.
